Wasps (Vespidae) exhibit a range of social complexity, from solitary living to eusocial colonies, and thus are exemplary for studies of the evolutionary origin and maintenance of social behavior in animals. Integral to the definition of eusociality is the presence of reproductive castes, group members that differ qualitatively in their ability to reproduce in a social setting. Behavioral and morphological evidence suggests that caste determination, the developmental process by which differences in fecundity are established, occurs to a large extent before adult emergence (pre-imaginally) in many species of Vespidae, in both basal and advanced taxa within the clade (Vespinae + Polistinae), which includes most eusocial species. Pre-imaginal determination has been documented in many taxa (e.g. independent-founding Polistinae) where it was not thought to occur. Correlative and experimental studies indicate that differences in nutrition during larval development are often the basis of pre-imaginal caste determination. Pre-imaginal caste determination has important implications for the roles of subfertility and manipulation by nest mates in the evolution of eusocial behavior.
evolutionary biologists. Several recent reviews on the evolution of eusocial behavior are available (2, 3, 59, 115) . Whether sterility on the part of helpers (workers) must be permanent and obligate or temporary and facultative is left ambiguous in the above definition, and controversy over what criteria should be used to delimit eusociality has arisen. Knowledge of the mechanisms and developmental timing of differentiation among individuals with reproductive strategies is therefore critical to the definition of eusociality and to understanding the evolution of eusocial behavior (29, 57, 131) .
Wasps of the family Vespidae have been important subjects in efforts to unravel the patterns and processes of the evolution of eusocial behavior, as extant species of vespids exhibit grades of sociality ranging from solitary nesting to eusocial behavior (19, 49) . The systematics of the Vespidae has recently been revised by Carpenter (15, 16) .
In addition to reproductive division of labor, which is the topic of this review, "division of labor" applies to separation of tasks within the worker force (polyethism), which is not covered here. Mechanisms of division of labor among social insect workers have recently been reviewed (93) , and polyethism in Vespidae was reviewed by Jeanne (50) . I do not consider the evolution of socially parasitic species (79) , which by definition lack worker castes.
Although I address the physiological basis of caste determination from an ecological perspective, I do not treat the endocrinological aspects of caste differences. Reviews of the physiological mechanisms of caste determination can be found in References 23, 24, 29, 107, 133. In some species of Vespidae, females of the same generation (cofoundresses) cooperate in initiating new colonies. Since the pioneering observations of Pardi (83) , patterns of cofoundress interactions and the mechanisms of reproductive differentiation among foundresses have received a great deal of attention (78, 86, 122) . Behavioral interactions among adult females of the same generation can enhance differences in reproductive potential and lead to division of labor. These interactions are of interest in their own right because they reveal a great deal about the pursuit of alternative strategies by different phenotypes within populations (132) . Although eusociality may have arisen in the context of social interactions among females of the same generation (129, but see 14) , foundress interactions may not tell us anything about caste determination leading to eusociality, that is, the development of a set of sterile cooperative offspring. In his recent reviews of the role of nutrition in the evolution of caste in the Vespidae, Hunt (43, 44) made a clear distinction between offspring, which he termed ontogenic workers, and cooperative helpers from the same generation, termed subordinate workers.
In the literature on reproductive castes in Vespidae, it is often stated that morphological castes are rare or nonexistent outside the Vespinae (hornets and
INTRODUCTION
As currently defined, the hymenopteran family Vespidae comprises five subfamilies and includes species spanning all grades of social behavior, from solitary to advanced eusocial (swarm-founding) (15, 16) . Because of their diversity of social structure, vespid wasps have long been recognized as a key group to understanding the evolutionary origins and maintenance of reproductive division of labor, wherein some individuals reproduce while others forego reproduction and help raise offspring (27, 135) . Eusocial behavior in the Vespidae is exhibited in the clade comprising the subfamilies Stenogastrinae, Vespinae, and Polistinae. Some eusocial species are independent founders: Females of one generation, either alone or in cooperative groups, initiate new nests. Others are swarm-founders: Females from more than one generation move to new sites in a coordinated group and initiate nests (49) .
Excepting the subfamily Vespinae, many studies of wasp reproductive division of labor have assumed that interactions among adult females are the most important or even the only factor in determining which individuals reproduce in eusocial Vespidae (12, 107, 133, 135) . Some authors even suggest that the term reproductive caste cannot be applied to vespid wasps other than the Vespinae (107) . I refer to caste determination that occurs after adult emergence, often as a result of social interactions (21) , as imaginal determination.
Adult interactions influence the favored reproductive strategies of females in some wasp societies. In some vespid species, caste status is flexible for at least some individuals, and in extreme cases no females may be fully excluded from reproducing (some Stenogastrinae: 118, 119; Ropalidia rufoplagiata: 101). For other wasp species, we must address the question of whether all eclosing females have the potential to reproduce. Several lines of evidence suggest that the answer may often be "no." In a diversity of eusocial wasp lineages, reproductive castes differentiate during immature development (i.e. before adult emergence). I refer to caste determination that occurs before adult emergence, principally during larval development, as pre-imaginal determination.
In this review I summarize evidence for the occurrence of pre-imaginal and imaginal caste differentiation in eusocial Vespidae. Empirical evidence for pre-imaginal differentiation is of two types. First, members of different castes can sometimes be distinguished by discrete differences in body shape and/or size that correspond to qualitative differences in reproductive potential (morphological castes). More species of vespid wasps exhibit morphological caste differences than is generally acknowledged, and new evidence for morphological caste differences is accumulating in a number of taxa. Second, recent studies suggest that pre-imaginal caste differentiation need not be reflected by differences in external morphology among castes. Females of monomorphic species can differ qualitatively in their ability to reproduce independently of social interactions or environmental variation during adulthood. These disparities in reproductive ability are established prior to adult eclosion, probably in response to differential larval nutrition. Phylogenetic evidence suggests that pre-imaginal differentiation of wasp reproductive castes is a general rather than an exceptional pattern among the eusocial Vespidae.
DEFINITIONS OF CASTE

Previously Proposed Definitions
Some authors propose that developmentally fixed sterility should not be a criterion for eusociality, such that species with temporary helpers that may later reproduce are considered eusocial (31, 55, 99) . Under this definition, permanent differentiation of castes is not required of eusocial species, although helping behavior is required.
Other authors propose the opposite approach, requiring that permanent obligate sterility of helping individuals be used as the hallmark of eusociality (21, 116) . The modified term highly eusocial was proposed by Michener (70) to denote a distinct evolutionary grade of social behavior for those species characterized by morphological reproductive caste differences. This view has been extended by Villet (124) , who argued that the term caste be retained solely for morphologically distinct individuals that are the outcome of discrete developmental trajectories (see also 21, 84a) . Following this definition, morphologically distinct individuals belong to different castes regardless of their social function (role) in the colony. This viewpoint relies in part on the assumption that morphological differences are unique indicators of distinct developmental pathways leading to castes. This assumption may not be correct, however, given mounting evidence for pre-imaginal caste determination that is not reflected in (external) morphology.
The Definition of Caste as Used in this Review
The focus of this review is on the mechanisms that underlie the dramatic differences in life history among queens and workers. I use the term caste in reference to female reproductive function, with the requirement that caste membership be developmentally determined and irreversible (116) . Continuous phenotypic variation in response to variation in environmental factors during development can be classified as a reaction norm, whereas discontinuous phenotypic variation is referred to as a polyphenism (134) . I propose that the term caste should be applied to reproductive polyphenism among individual social insects. However, this polyphenism need not be reflected in external morphology, and morphology will not be used as the main criterion for delimiting castes.
Complete loss of direct reproductive function in females is restricted to some species of ants, where workers lack ovaries (39) . Even in species where preimaginal caste determination is unquestioned, worker Vespidae are generally not completely sterile (11) . As in highly eusocial bees (136) , workers of many vespid species can and do lay eggs, especially when the queen is lost or removed (even in Vespinae: 58). I propose that the critical issue to delimiting castes is whether all adult females can be inseminated and lay fertile eggs, as discussed below.
Using terminology from developmental biology, I refer to the processes leading to the establishment of caste differences as caste determination, which can take place before or after adult eclosion. Caste differentiation is the permanent assignment of females to the queen caste (within which there can still be variability in reproductive potential) or to the worker caste (either sterile or restricted to production of males). Note that Brian (12) reversed the meanings of the terms determination and differentiation in discussing caste.
HOW CASTES ARE DISTINGUISHED
Behavioral Roles
Various behavioral differences among females have been employed to distinguish caste status of female Vespidae. The most obvious behavioral role of queens is reproduction, i.e. egglaying (60) . The observation of multiple egglayers may suggest the presence of more than one queen (polygyny: 47). However, other females often lay eggs in wasp societies, even when the queen is present, and egglaying does not always indicate that a female has been inseminated. In some species, queens are more likely to eat the eggs laid by other females, and differential oophagy can be used as a behavioral indicator of caste (127).
Within colonies, workers may be more likely to perform such risky tasks as nest defense (36) and foraging (142) , although interspecific comparison showed that differences in task performance are not always indicative of caste differences (80) . The ability to found new nests has also been used to identify queens (33, 107) .
Reproductive Physiology
INSEMINATION Numerous studies have employed insemination as the main criterion for distinguishing queens from workers (38, 87, 88, 92) , and it is the criterion advocated here. Incorrect assignment of caste for some females may result when employing this method because young (recently eclosed) gynes may be present in a collection that have not yet copulated and whose ovaries have yet to develop. Ovary development can precede insemination in Polistes erythrocephalus queens (127); it is not known whether this pattern is common in the Vespidae, particularly in relatively aseasonal tropical habitats.
Insemination can be assessed readily in freshly collected specimens by examining the spermatheca (sperm-storage organ) under magnification. If it contains sperm, the center of the spermatheca appears opaque and opalescent. Determining insemination status in fixed material is more difficult but still possible. Reed et al (88) squashed fixed spermathecae on microscope slides and stained them with methylene blue; sperm flagella were visible in inseminated females under a compound light microscope at 1000X. Carpenter & Ross (17) were able to identify full spermathecae in fixed material with phase-contrast microscopy.
OVARY DEVELOPMENT Unless they can be examined immediately, field-collected specimens should be fixed, for example in Kahle's or Dietrich's solution (6) , and later transferred to 70-80% ethanol for storage. Ovaries can shrink or distort when specimens are immediately stored in ethanol (G Eickwort, personal communication). Many studies of caste status have relied on ovary development alone to distinguish queens from workers. Agreement between ovary development and insemination is generally good in some species (92, 121) , but if the criterion for caste assignment involves ability to produce fertile offspring, then insemination status should be used whenever possible. Even in species with discrete morphological caste differences, workers with developed ovaries are sometimes collected from queenright colonies (121, 125) . The existence of said workers does not necessarily imply caste flexibility; whether laying workers are inseminated or can produce fertile eggs is rarely ascertained.
FAT BODY Eickwort (25) reported qualitative differences in the amount and morphology of the fat body in female Polistes exclamans emerging in late summer. Fat body differences corresponded to behavioral differences and have since been used as an indirect indicator of caste status of temperate-zone independentfounding wasps (38, 60, 108) .
EVIDENCE FOR PRE-IMAGINAL DETERMINATION OF CASTE
Morphological Caste Differences
To date, most evidence for pre-imaginal caste determination derives from studies that correlate external cuticular morphology with behavioral or physiological differences (e.g. ovary development or presence of sperm in the spermatheca).
Once an insect emerges to the adult (reproductive) stage, it is enclosed in a solid nonregenerating cuticle. Other than damage and wear, further morphological change of hardened (sclerotized) body parts is impossible, and any differences in cuticular morphology among adults are the result of developmental processes during the immature stages. External morphological differences that correlate with reproductive caste are convenient and clear indicators that reproductive castes differentiate before adulthood.
Some eusocial wasps exhibit isometric growth and have a unimodal bodysize distribution among females. In these species, size relative to nest mates generally plays an important role in imaginal caste determination, but size is not an absolute indicator of reproductive potential (18, 25, 60, 122 ; but see 109). Therefore, nonisometric growth (i.e. growth leading to differences in body shape) provides the clearest evidence for morphological caste differences (9, 77, 124) . However, bimodal size distributions among reproductives and nonreproductives can also be considered as evidence for morphological castes in isometric species (134, 135) .
The Vespinae are sometimes considered to be the only highly eusocial vespid wasps because their queen/worker dimorphism is well developed (65) . However, many other vespids exhibit discrete morphological caste differences. These queen/worker differences are usually more subtle than those in the Vespinae. The structures that are compared between queens and workers must be chosen carefully, as not all body parts will indicate deviations from isometry. In many eusocial wasps, allometric caste differences are most pronounced in the structures of the gaster (9, 52, 64, 121) .
In Neotropical swarm-founding wasps of the tribe Epiponini, a number of species have morphologically distinct queens, based on size measurements and dissections. Species in several epiponine genera exhibit dimorphism ( Table 1 ). The set of genera known to exhibit caste polymorphism include the most basal and the most derived epiponines (126) . In particular, some species of Agelaia have well-developed caste allometry with bimodal body size distributions and differences in shape similar to Vespinae (28, 52; S O'Donnell, personal observation). In some species queens are actually smaller than workers, and, in others, queens are smaller anteriorly (head measurements) and larger posteriorly (gaster measurements) (49, 64) . Pre-imaginal differentiation is therefore widespread, if not characteristic, in this tribe. Studies purporting to refute the existence of morphological castes should be viewed with caution, especially if gastral characters were not measured (110) .
Morphological caste differences have also been recorded in the Ropalidiini, a polistine tribe comprising four Old-World genera (16; Table 1 ). Relative to other polistines, ropalidiines are poorly studied but are known to include independent-founding species (Belonogaster, Parapolybia, and some Ropalidia (30) noted discrete structural and significant size differences that corresponded almost perfectly with ovary development in the swarm-founding wasp Polybioides tabidus and Polybioides raphigastra. Similarly, Yamane et al (140) showed that queens (inseminated females with developed ovaries) of the swarm-founder Ropalidia montana were larger than workers in all characters measured; caste size differences increased in magnitude from head to gaster, as in many epiponines. Kojima (56) stated that queens and workers differed morphologically in swarm-founder Ropalidia romandi but presented no data.
The degree of caste differences may vary among colonies (17, 56) , and samples of queens and workers from several colonies should be analyzed separately whenever possible. Few studies have employed powerful and sensitive morphometric techniques (9, 46, 51) to examine caste differences in morphology in independent-founding genera (141) . In particular, studies are needed that employ measurements of the relative sizes and shapes of structures in all three major body sections (head, mesosoma, and metasoma) and compare them among queens and workers.
Physiological Pre-Imaginal Determination
Pre-imaginal caste differentiation may occur that is not reflected in external morphological differences. Several selective factors can limit or preclude external morphological differences between queens and workers. The degree of external morphological caste differences may be influenced by ecological factors that are independent of the system of social interactions within colonies. For example, the need to move frequently or rapidly to new nest sites in response to disturbance may constrain the evolution of morphologically distinct queens. The need for queens to overwinter in temperate climates may have selected for extreme queen/worker dimorphism in some species of Vespinae (129), and variation in queen body size has been shown to influence overwinter survival in species not known to possess morphological castes (22) . Attention is increasingly paid to the role of parasites as selective factors in social insect evolution (98) . Keller (54) suggested that different morphological castes within ant workers could retard the transmission of parasites within colonies. Divergent morphology and physiology among worker castes may make them differentially susceptible to some pathogens. Similarly, queen/worker dimorphism could function to restrict transmission of parasites from workers, who are presumably more likely to contact infective agents while foraging, to reproductives (81) . In some eusocial wasps, contact between queens and workers is minimal (1), which could further limit intracolony spread of pathogens. Parasites and pathogens may be a selective factor favoring pre-imaginal caste determination.
Morphologically discrete queen and worker castes clearly indicate the operation of pre-imaginal caste determination, but morphological differences are not a necessary feature of pre-imaginal caste bias. For example, females could differ physiologically or in internal morphology upon adult emergence, such that some are fully excluded from reproducing. Internal structures of queens and workers can differ dramatically; for example, the number of Malpighian tubules and length of the gut can be greater in queens than in workers in Vespidae (V Mauss, personal communication). Whether these anatomical differences correspond predictably with caste in species without external morphological differentiation remains to be examined. Recent evidence suggests that preimaginal caste differentiation can in fact occur without accompanying external morphological differences.
Studies by Gadagkar et al (32, 33) on Ropalidia marginata suggest preimaginal caste biasing in a species that lacks apparent morphological castes. In the first study, freshly eclosed females were isolated from 22 field-collected nests to remove the effects of social experience and were fed ad libitum as adults (33) . Only approximately 50% (97 of 197) of these females built nests and laid eggs before perishing, and the time of year when parent nests were collected had no effect on the probability of nesting by emerging females. One morphological character, a measure of head size, bore a negative relationship with probability of nesting; gastral characters were not measured. In a follow-up experiment with 6 nests, a similar percentage (47 of 87) of females eventually laid eggs; the mean rate of larval feeding at a given nest bore a positive relationship with the probability of its females laying eggs. These studies are especially relevant to nutritional models of caste determination (43) because differences in food availability following adult emergence were not a factor contributing to behavioral variability.
Work on the monomorphic wasp Polistes dominulus (= gallicus of Grechka & Kipyatkov) suggests that most individuals were reproductively differentiated prior to adult emergence (35) . Grechka & Kipyatkov (36) showed that P. dominulus females' reproductive caste, as determined by an assay of defensive behavior in response to simulated predator approach, corresponded with the number of adults present on the nest during their larval development. Wasps emerging from nests with more females were more likely to behave as nondefensive gynes. The authors concluded that more females on the nest provided more brood care, including a higher rate of larval feeding. Laboratory experiments conducted by Mead & Gabouriaut (66) support this conclusion. Ability to survive the winter was used as an indicator of caste; temperate Polistes spp. workers differ physiologically from gynes such that gynes are more likely to survive cold temperatures (25, 102, 108) . P. dominulus females eclosing from nests attended by queens alone had low probability of winter survival, whereas those eclosing from nests with workers were more likely to survive (66) . Lorenzi & Turillazzi (63) noted that females belonging to discrete categories with respect to fat deposition and behavior, which they classified as workers and gynes, emerged simultaneously as the first offspring produced by Polistes biglumus colonies in the alpine zone.
The performance of worker-like behavior (e.g. foraging, nest defense) by an individual does not necessarily indicate that that individual is incapable of later becoming a queen (80) . In at least some species, especially of independentfounding wasps, offspring females that engage in work for the colony are the most likely to assume the role of reproductives if the queen is lost (41, 71, 109) . Furthermore, queens of some species engage in foraging (63) . In these species, castes are not readily distinguished by task performance, except by differential rates of egglaying, oophagy, and in some cases by the outcomes of dominance interactions. Pre-imaginal caste determination predicts that some females will not engage in reproduction, but it does not require that reproductive females avoid labor for the colony. Queen and worker behaviors do not necessarily represent complementary alternative strategies (131) , and the degree of behavioral differentiation between the castes depends on the ecology and social structure of the species or population in question (80) .
Social wasp larvae are evidently affected by their nutritional environment. Nixon (cited in 92) noted that when bad weather prevented adult wasps from foraging, there was visible shrinkage of the larvae in the nest. The few data available on larval behavior suggest that developing wasps respond to changes in the nutritional status of their colonies. Larvae of Mischocyttarus immarginatus from pre-emergence nests were more likely to yield nutritious (high amino acid and carbohydrate content: 45) saliva upon solicitation by adults than were larvae from nests with workers (42) . The author proposed that rich saliva could forestall cannibalism by adults in food-stressed colonies but was probably costly to the larva's own nutritional reserves.
Combined with data from highly eusocial species, these studies indicate that differential larval nutrition may be a common mechanism in pre-imaginal caste determination. Hunt (43, 44) suggested that the worker caste may be "invented anew in every generation," with variation in larval nutrition playing a central role in female caste determination. Wheeler (133) proposed that nutritional switches channel females of highly eusocial species into discrete developmental pathways (castes). It appears that such developmental mechanisms play a role in caste determination throughout the eusocial Vespidae, in species of all grades of social complexity and all modes of colony foundation.
EVIDENCE FOR IMAGINAL DETERMINATION OF CASTE
Lack of Morphological Differences
The lack of consistent morphological differences between functional (or physiological) queens and workers is often cited as evidence against pre-imaginal caste determination. Caution must be applied when interpreting much of the negative evidence for morphological caste differences. In many if not most cases, these data have not been collected in ways that convincingly rule out the existence of morphological differences. Even when documented properly, a lack of morphological differences in and of itself does not necessarily rule out pre-imaginal determination.
Queen Succession and Experimental Queen Removal
Studies of queen succession are easily performed on independent-founding species. Once the queen is identified, she can be removed experimentally, and natural rates of queen disappearance are high in some populations (40, 48, 109) . Quantification of the behavioral and morphological attributes of females that succeed the queen can yield insight into mechanisms of both pre-imaginal and imaginal caste determination. Queen succession studies should be designed such that the generation to which females belong is known. In some cases, cofoundresses remaining on the nest are likely to take over following queen loss, and offspring females do so only in their absence (40) .
Several studies have documented female daughters taking over the role of queen following queen removal or natural disappearance. Replacement queens are identified as the individuals that lay the largest numbers of eggs following queen loss and are often the most dominant individuals. In Polistes metricus, females emerging in June developed their ovaries following queen removal, whereas females emerging late in the summer (presumably gynes about to enter diapause) did not (10) . In Polistes jadwigae and Polistes chinensis antennalis, offspring females that took over as queens produced only males (73, 75) . In other species, it was not determined whether the females that replaced queens produced only males (Mischocyttarus labiatus, 62; P. metricus, 10; Polistes annularis, 40), but daughter females that replaced queens were inseminated in Mischocyttarus flavitarsis (61) and thus may have produced female offspring. In this context, it is important to distinguish female offspring that do not mate (e.g. because there are no males present in the population) from those that cannot or will not mate because their role as workers has been determined developmentally (142) . In Belonogaster grisea, slender-bodied females were more likely to behave as workers and refused to copulate with males when presented the opportunity (84) , which suggests that inability to mate is developmentally determined in at least some species of independent-founding wasps.
Solís & Strassmann (102) removed brood from some nests onto which P. exclamans females emerged, and they showed that cold tolerance of females on nests without brood to care for was increased relative to control females. Because it had earlier been shown that Polistes gynes were more cold hardy than nest-mate workers (108), the authors concluded that imaginal determination of caste had occurred, with labor-demanding brood causing worker-like physiology in the control females. However, whether and how the physiological differences measured correspond to differences in social and reproductive behavior was not determined. Mead et al (67) induced nest-founding by P. dominulus offspring females by removing their nests and queens and then placing them in groups in cages with nest construction materials. A subset of daughters that had behaved as workers were able to found new nests and lay (unfertilized) eggs. Variation in nest-founding ability occurred both within and among colonies. It is important to note that the colonies had been provided with ad libitum sugar and protein sources while the subject wasps were immature because unlimited food during larval development may have dramatically affected the caste status of the subjects (see "Mechanisms of Caste Determination" below).
SPECIES LACKING PERMANENT CASTES
In some social species of Polistinae, many, if not all, females forego reproduction only temporarily. In these species, helping females often have the opportunity to reproduce later in their lives (101, 118, 119) , as is the case in birds with helpers at the nest (26, 99) . By the definition employed here, reproductive castes are not present in these species.
Observations on a single colony of R. rufoplagiata suggest that division of labor may be temporal in this species (101) . Many females were inseminated egglayers, and younger females performed most of the labor (e.g. foraging) for the colony, which suggests that most or all females may reproduce when older. However, the colony was supplied with ad libitum sugar and protein sources in a vespiary, which may have influenced the caste status of females emerging on the nest.
The subfamily Stenogastrinae includes social species and is the sister clade to the (Polistinae + Vespinae), the clade that comprises all eusocial Vespidae (13, 15) . Field studies of social Stenogastrinae suggest that most, if not all species, exhibit nest sharing with temporal patterns of division of labor among females. In many cases, only young females are not inseminated or have undeveloped ovaries, and many or all females may have at least the possibility of reproducing directly (118, 119, 143) . If this generalization proves correct, then the evolution of true worker castes must be studied in the Polistinae. However, in the stenogastrine Parischnogaster nigricans, fertilized females were found to have larger heads than unfertilized females (18 of 25 females from seven colonies were fertilized), indicating the possibility of developmentally determined caste (123) .
Serial polygyny occurs in colonies of some independent-founding polistine wasps, apparently often as a result of daughters dominating and ejecting their mothers and then superseding them as queens (48, 139) . In these species, superseding daughters can mate and produce female offspring, but whether most or all females are capable of doing so is uncertain.
Successive experimental queen removals can help establish which offspring females are capable of replacing the queen as fertile reproductives, and they complement observational studies documenting the presence of multiple inseminated females on nests. Suzuki (112) removed queens from 20 Polistes snelleni colonies and measured subsequent reproduction by offspring females. Offspring females succeeding the queen on 7 colonies were inseminated; because these females emerged in June and July, they were presumed to be workers.
MECHANISMS OF CASTE DETERMINATION
Nutrition During Larval Development
The opinion expressed by Pardi (83) for Polistes gallicus that caste determination "is independent of the nutrition received during larval life" has been very influential to vespid biologists, but it clearly needs to be reexamined. In independent-founding species, the first female offspring to emerge are often smaller than queens and cofoundresses (Mischocyttarus: 61; Polistes: 22, 72, 117; Parapolybia: 138), but differences in body size can disappear as the season progresses (38) . Similar patterns have been observed in vespines (4, 103) , including tropical species (105) , and in eusocial bees (76) . Even among workers, body size differences can affect dominance status and production of male eggs. In vespines, workers that lay male eggs under queenright conditions are often larger than nonlaying nest mates (94) .
Seasonal increases in female body size have often been attributed to changes in the worker/larva ratio as the colony develops. When more adults are present per larva, food availability presumably increases, leading to greater size at eclosion (4, 127) . The estimated total amount of protein arriving at Polistes chinensis colonies increased exponentially with colony size, suggesting a more favorable nutritional balance in larger post-emergence colonies (111). Litte (61) removed adult workers from M. flavitarsis colonies and found that, at adult eclosion, body size of the offspring decreased (relative to contemporaries on unmanipulated nests) for the individuals that were larvae when the workers were removed. Grechka & Kipyatkov (36) noted that the appearance of early reproductives (females that did not work for their colonies and were expelled from their nests) among the first offspring occurred more frequently in P. dominulus colonies with several foundresses than in single-foundress colonies. The authors concluded that larvae in colonies with several foundresses were better fed.
Careful attention to variation in the timing of production of reproductives by colonies may yield insight into the nutritional basis of caste. Epiponines and swarm-founding Ropalidiini are particularly important subjects for studies of the socio-nutritional basis of caste. Because these species do not go through a foundress period without workers, variation in the feeding rate of larvae over the course of the colony cycle should be less in these groups than in independentfounding species. Richards & Richards (92, p. 16) suggested that males and queens are produced simultaneously in epiponines after a period of worker production, but they did not present data to support this claim.
Nest architecture can provide cues for adults regarding the caste fate of female larvae. In Vespinae, cells used for rearing queens are larger than worker cells (37, 104) , although queens are sometimes reared in expanded worker cells under favorable nutritional conditions (106) . Cells of different size for rearing queens have also been recorded in the polistines R. ignobilis (125) and Agelaia vicina (145) . Variation in cell size has been observed in nests of Agelaia xanthopus (a small percentage of cells scattered across combs were noticeably wide; S O'Donnell, personal observation) and Agelaia yepocapa (some pupal cell caps were taller; S O'Donnell & J Hunt, personal observations), but whether these larger cells were used to rear queens was not determined.
In part because of information on developmental pathways leading to worker caste divergence in ants (134) , allometric growth associated with overall body size differences was assumed to be the evolutionary foundation of morphological castes. However, in epiponines, morphological caste differences are sometimes based on divergent body shapes rather than on overall size divergence. For this reason, Jeanne and colleagues (51, 53) have suggested that changes in the relative growth rates of imaginal discs (77) underlie the development of different castes and that this type of developmental reprogramming preceded differences in queen/worker body size in the group. If correct, this hypothesis raises interesting problems for the interpretation of the role of differential nutrition in bringing about caste differences, at least in the Epiponini. If queens and workers do not differ in size, then simple differences in the amount of food received by larvae may be inadequate to explain the production of castes. The role of differences in food quality, including the possibility of caste-determining oral secretions from adult wasps, has not been investigated. However, queens and workers that do not differ in overall length may still differ in body mass. Measurements of the body mass of newly emerged queens and workers (before they are fed as adults) could be used to determine more accurately whether queens are in fact larger (or smaller) overall than workers.
Few studies have directly addressed nutritional allocation by vespid colonies. Roughly 40% of the total nitrogen arriving at P. chinensis colonies was invested in reproductives. This percentage appeared to decrease slightly with colony size, although the statistical significance of this decrease was not tested (111) . Field experiments by Rossi & Hunt (95) showed that food supplementation (honey added to cells) to P. metricus nests led to elevated fat content in the first adults to emerge. Fat stores of wasps emerging from supplemented colonies were greater than those of their foundresses, suggesting that this aspect of the offsprings' physiology was typical of gynes rather than of workers (25) . Hunt (43) further noted that adults emerging from P. metricus, M. flavitarsus, and Mischocyttarus mexicanus colonies in the laboratory were more likely to remain resident on their nests and act as workers when food was limited; in contrast, females often left colonies that were fed ad libitum within a few days of emergence and remained inactive away from the nest. Further studies suggest that P. metricus adults from supplemented colonies in the field behaved similarly (J Hunt, personal communication).
Experimental manipulation of food availability to laboratory P. dominulus colonies led to changes in colony development (68) . The mean time to worker emergence was greater in food-limited colonies than in colonies supplied with prey ad libitum. However, the time to adult emergence of the first three workers did not differ among treatments. Destruction of brood, some of which were fed to nest-mate larvae, was greater in the food-limited colonies. Foundresses in food-deprived colonies apparently modified feeding patterns of larvae such that a small number of workers were produced rapidly. Among the adult offspring produced by single-foundress P. chinensis antennalis colonies before worker emergence, the first several to emerge had the shortest development times and often the smallest body sizes (74) . These results suggest that Polistes spp. foundresses partition resources among their first offspring so as to produce a few small-bodied workers quickly.
Other Possible Factors in Pre-Imaginal Caste Determination
Both temperature and amount of food affect development time and adult body size in most ectotherms, including insects, and these factors can interact in complex ways (5, 8) . Many species mature later at smaller body sizes when food quality or quantity is low, but later at larger body sizes when temperature is low. Polistes foederatus females from colonies fed ad libitum had longer larval development times after exposure to low temperatures (5 • C) in the evening than workers reared at more seasonal temperatures. Females emerging from cooled colonies were also larger and had better developed fat bodies, although they did not differ significantly in behavior from females in control colonies (120) .
Teasing apart the effects of temperature and larval nutrition may be important to studies of caste determination. The vast majority of Vespidae known to exhibit morphological caste differences are housed in enclosed nests (Vespinae, swarm-founding Ropalidia, Polybioides, and Epiponini excluding Apoica; Table 1 ). The evolution of complex nest architecture in the ancestors of the Vespinae and most swarm-founding Polistinae may have allowed more precise social control over the caste of offspring females relative to species with open-comb nests. Enclosed nests are more homeostatic and may reduce the effects of temperature on variance in offspring size and developmental period. If the effects of temperature are diminished, then food supply likely becomes the single most important variable in affecting differential larval development.
Single gene effects on caste bias have been demonstrated in the socially parasitic ant Harpagoxenus sublaevis (137). Although environmental effects play a major role, genetic differences affecting caste determination have not been ruled out in Vespidae. Saito (96) argued that alleles reducing female fertility are the class of deleterious genes most likely to be maintained in haplodiploid populations where helping behavior is an option.
The possibility of maternal effects on caste via hormonal differences in recently laid eggs, as has been demonstrated in ants (114), has not been explored in Vespidae.
CONCLUSION: IMPLICATIONS FOR SOCIAL EVOLUTION
An important evolutionary implication of pre-imaginal caste determination is that helping behavior entails low fitness costs in workers with reduced fertility (128) . To the extent that castes differentiate pre-imaginally, workers are not reproductively totipotent, and social options for some females are constrained from the outset of adult life. Much social conflict may be played out in the larval stage (79) , and reduced plasticity in reproductive behavior for worker adults can mitigate conflicts of interest within societies. Immobile wasp larvae are likely at a great disadvantage relative to their attending adults (but are not necessarily helpless pawns: 42, 43). Manipulation of offspring into a helping role by mothers or other relatives is potentially great under these conditions (22, 128) . Models have shown that the evolution of helping behavior is favored if its expression is facultative, as would be expected under conditions of female subfertility (20) . Ratneiks & Reeve (87) pointed out that workers can counter pre-imaginal manipulation of their fertility when they control production of reproductives nepotistically (by producing males themselves, biasing the queen's sex ratio, or by investing more in closely related reproductive females). However, actual conflict within societies can be prevented if it is costly. The extent to which worker subfertility is a result of manipulation, versus a response to prevailing ecological conditions, can be tested by manipulating food availability to colonies (43, 44, 68) .
The studies summarized here demonstrate that reproductive caste differentiation often occurs before adult eclosion in eusocial Vespidae. Some females emerge as workers and are incapable of producing fertilized eggs; another set of females emerge as potential queens (gynes), with dominance contests acting on intracaste biases to demote some individuals from queen status. Interestingly, losers in social competition over reproductive status often disappear from colonies. This has been noted in epiponines (130, 131) and is also a frequent pattern in Polistes colonies (34, 85 , but see 40). Even in species in which the capacity to reproduce is in part determined by interactions among adult females, entering the worker caste may not be an alternative open to many gynes that lose under social competition.
Some authors have suggested that unpredictably variable ecological and social conditions should select against morpho-anatomical specialization in behavior and social roles (40, 124) . However, if reproductive caste is determined by divergent developmental pathways, then the relationship between structure and reproductive role may be canalized and therefore less responsive to selection for behavioral flexibility. The degree of morphological difference between queens and workers does appear to be evolutionarily labile. Solís & Strassmann (102) argue that unpredictable social and ecological environments favor caste flexibility over pre-imaginal determination. If variation in larval nutrition is the cause of caste differentiation, the worker caste may not only result from strategic manipulation of offspring by queens but rather may also represent an unavoidable developmental outcome in food-poor environments. The range of social options available to adult wasps within a population may depend partly on local nutritional ecology. If this is the case, then the timing of reproduction (emergence of gynes) during colony development should track changing social and environmental conditions, rather than being programmed by colony-level selection to occur at a particular stage or season (82, 113) .
Although differential larval nutrition is implicated, the mechanisms of preimaginal determination are in need of further attention. Food supplementation experiments will prove valuable in addressing this issue. Supplementation experiments by Rossi & Hunt (95) are intriguing but difficult to interpret, given that the way supplemental food was handled and partitioned by adults at the nest and the behavioral outcomes for supplemented females are unknown. As a final note of caution, many laboratory studies of wasp behavior, including those addressing caste determination, have used ad libitum feeding of adults (101, 102) . Unlimited feeding can be expected to alter dramatically the reproductive biology of females emerging from subject colonies.
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